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Abstract: Large eddy simulation was used to investigate the spatial development of open channel 
flow over a series of dunes. The three-dimensional filtered Navier-Stokes (N-S) equations were 
numerically solved with the fractional-step method in sigma coordinates. The subgrid-scale 
turbulent stress was modeled with a dynamic coherent eddy viscosity model proposed by the authors. 
The computed velocity profiles are in good agreement with the available experimental results. The 
mean velocity and the turbulent Reynolds stress affected by a series of dune-shaped structures were 
compared and analyzed. The variation of turbulence statistics along the flow direction affected by 
the wavy bottom roughness has been studied. The turbulent boundary layer in a complex geographic 
environment can be simulated well with the proposed large eddy simulation (LES) model.    
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1 Introduction 
In sandy rivers, dunes and ripples are the most common river bed structures. Flow 
separation and recirculation are enhanced because of the presence of dunes in river beds, 
which alter the overall flow resistance and, consequently, affect the transport of sediment and 
contaminants within the river. Flow separation begins at the dune crest. On the lee side of 
dunes, there exists a series of recirculation eddies, and on the opposite stoss side, that is, on 
the upstream of the crest, the flow reattaches (Fourniostis et al. 2009). 
The turbulent open channel flow over a river bottom with dunes has been experimentally 
and numerically studied under the assumption of a fixed bed without sediment movement. Lyn 
(1993) reported experimental research on the mean flow and turbulent characteristics over 
artificial space-periodic one-dimensional river bed structures using a laser Doppler 
velocimetry (LDV). Wiberg and Nelson (1992) conducted experiments under unidirectional 
flow over much smaller asymmetric and symmetric riverbed structures, including high-angle 
and low-angle ripples. Similar experiments have been carried out by many other researchers 
such as Nelson and Smith (1993) and Ojha and Mazumder (2008). Recently, numerical studies 
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on the developing turbulent flow using a solution of the Reynolds-averaged Navier-Stokes 
equations (RANS) have been carried out by researchers (Huai et al. 2010; Peric et al. 1988). 
For example, Huai et al. (2010) used the realizable -k H  model to simulate the buoyant wall 
jet, and Peric et al. (1988) numerically simulated the  over a typical dune using the -k flow H
turbulence model. The influence of sand grain roughness was taken into account with the w  
function approach. Comparisons with experiments show that the computed separated and 
reattached flow over a dune is in good agreement with the experimental data. Similar studies 
were reported by Mendoza and Shen (1990), who presented an algebraic-stress model with 
wall functions in place of the -k
all
H  model. They were able to obtain quite realistic predictions 
of detailed pressure, velocity d turbulence profiles. Johns et al. (1993) employed the 
one-equation turbulence model, with the turbulence model length scale prescribed from an 
empirical correlation. The comparisons show that the near-wall velocity and turbulence data, 
particularly the wall shear stress, are not in good agreement with experimental data. Yoon et al. 
(1995) simulated the flow over a fixed dune using the -k
, an
Z  turbulence model of Wilcox 
(1993). Comparisons of model prediction results with meas  velocity and turbulence fields, 
as well as the pressure and friction distributions along the dune, show good agreement. Lu and 
Wang (2009) compared three different -k
ured
H  models, the standard -k H  model, the 
renormalization group (RNG) model, and the F model, for simulating th eparated flow 
passing sills. The results show that, of the three models, the performance of the V2F model is 
the most encouraging. The commercial computational fluid dynamics (CFD) code FLUENT 
was employed by Fourniostis et al. (2009) to simulate sub-critical, turbulent, and open-channel 
flows over a bottom with five dunes using the free surface treatment method based on the 
rigid-lid approximation. They reported that the numerical prediction results of the mean 
velocity and turbulence are in good agreement with available experimental data. 
Although the RANS model can provide satisfying prediction results of flow
V2 e s
 features over 
dunes, it cannot calculate the power spectrum of hydrodynamic turbulence, which is very 
important for turbulence research and a rather interesting parameter for some specific 
engineering applications and refined turbulence structures. In recent years, large eddy 
simulation (LES) has been used to study hydrodynamic turbulence. For example, the separated 
flow passing sills have been studied by Lu and Wang (2008). The computed results show that 
LES is very powerful and encouraging. Therefore, it is possible to use the LES technique to 
obtain a detailed numerical simulation of open channel flow over a series of dunes.  
2 Governing equations and numerical methods 
2.1 Governing equations in V  coordinates and turbulence model 
The LES approach in V  coor ates was used by Lin and Li (2002). The equatidin ons for 
the l bearge-scale motion can  obtained by integrating a spatial filter with the Navier-Stokes 
equations (indicated by an over-bar). With a top-hat filter based on the Boussinesq assumption 
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and the principle of chain differentiation, the governing equations for the incompressible fluid 
in general coordinates can be written as  
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1 0ki ik [[ w  w                                (1) 
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where is time, t k[  and l[ are the coordinate directions in the transformed space, 
k k
i ix[ [ w w , ix  is the rtesian coordinate, 1JCa   is the Jacobin factor of the 
u  the Cartesian component of the v city field, itransformation, i is elo f  is the gravitational 
force, U  is the ater density, p  is the static pressure, w Q  is the ki matic viscosity, and ne
ijW  is the subgrid stress. 
In natural open channel flow, the free surface elevation varies with time and the bottom is 
uneven. These cause certain difficulties when conventional Cartesian coordinates are used in 
the discretization of the domain in the vertical direction. To solve the uneven physical domain, 
the vertical V -coordinate transformation is used as follows: 
1
1x x[   , 2 2x y[   , z3 3 hhVx[
   K                 (3) 
where K
e
is the surface elevation, is the vertical direction in Cartesian coordinates, and z
bh  is th static water depth. The su grid stress ijW  can be decomposed into the sum of a 
ce-free factor tra tijW  and a diagonal tensor tkkW :
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where t 3kkW is absorbed in the pressure term and ijG is the Kronecker sign. In this study, 
eled twe mod he eddy viscosity tQ  with the coherent eddy model (Lu and Wang 2009): 
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ons in the 
et al. 1980), where 1' , 2' , a d 3'
are the control volume dimensi
n
x , y , and z  directions, respecti ; a d sC
a coefficient. 
The coef
vely n  is 
ficient is computed by a dynamic procedure. The initial dynamic constant, 
 i
sC
llowlC , s calculated as fo s (Germano et al. 1991; Lilly 1992):  
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                   (8)              
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where the test filter width l k' 'c , and the coefficient k c  can be optimized. The coefficient 
is taken to be k c 5 , and D  is taken to be 0.5.  can exhibit long-time negative values 
which will generate numerical instability. To solve this problem, we first calculated the value 
of  with the coherent eddy model proposed by Lu et al. (2010), and then filtered it in 
space with a box filter as follows: 
2
lC
2
sC
l      22 ls ,C C x t G x C x tl , d[ [:  ³                   (11) 
where  G x [  is a smooth function and  l ,C x t  is the dynamic constant calculated by  
Eq. (8). Although the smooth function can be in many forms, a box filter function was used for 
convenience in this study. Therefore, Eq. (11) can be written as 
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¸¸                           (12) 
In fact, we can repeat the averaging procedure above to make the model coefficient 
smoother. In addition, the condition was imposed. This condition ensured that the 
total resolved dissipation remained positive or at zero. 
t 0Q Q t
2.2 Numerical methods and boundary conditions 
The splitting operator approach was used to numerically solve the governing equations. 
The momentum equations were split into three steps in each time interval: advection, diffusion, 
and pressure propagation. The advection step was solved using a combination of the quadratic 
backward characteristic method and the Lax-Wendroff method. The central difference method 
was used to solve the diffusion step. The pressure propagation step was used to solve pressure 
and gravitational forces. In order to satisfy the divergence-free condition as imposed by the 
continuity equation, the projection method was employed to calculate the pressure and 
velocity fields to obtain the updated velocity field. The conjugate gradient stabilized 
(CGSTAB) method was used to solve the above equations. 
The governing equations may be solved only when adequate boundary conditions are 
provided. Several types of boundary conditions are usually imposed in open channel flow 
problems. The no-slip boundary condition is imposed on the bottom wall and a zero gradient 
boundary condition is imposed on the two side walls. At the inflow boundary, the inflow rate 
with a predetermined velocity distribution with added Gaussian distribution random signals is 
specified and the gradient of the water surface elevation is assumed to be zero. At the outflow 
boundary, a convective boundary condition is imposed. A Lagrange-Euler method is used to 
locate the free surface elevation. Details of these boundary conditions can be found in Lin and 
Li (2002), Li and Ma (2003), and Lu and Wang (2009). 
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3 Study case  
Fig. 1 is a typical domain of open channel flow over a series of twelve identical dunes. 
The numbers and shape of the dunes shown here correspond to those used in the experiments 
of Ojha and Mazumder (2008). The experimental channel has a length of 10 m, a width of  
0.5 m, and a depth of 0.5 m. The dunes have a mean length of L = 32 cm and a mean height of 
cm at the crest The angles of the stoss side and lee side slopes of the dunes were 6° and 
50°, respectively (Fig. 1). Velocity profiles were measured by an acoustic Doppler velocimeter 
(ADV). The mean flow depth h is 30 cm, the mean horizontal velocity U is 0.5 m/s, and the 
discharge Q is 0.04 m3/s. The corresponding Reynolds number is 
d 3H  
51.5 10Re Uh Q  u and 
the Froude number is 0.29Fr U gh  .
Fig. 1 Sketch of computed domain and dune profiles of Ojha and Mazumder (2008) 
The simulation domain was carefully chosen in order to properly set up the inflow and 
outflow boundaries. To ensure that the inlet flow fully developed, the length of the main 
channel upstream of the first dune was extended to 0.5 m. The length of the main channel 
downstream of the last dune was also extended to 0.5 m to avoid the influence caused by the 
downstream outflow. A non-uniform grid of 451 × 11 × 45 nodes in the x, y, and z directions, 
respectively, was used to discretize the computational domain (5 m long, 0.1 m wide, and 0.3 
m deep). The expansion ratio of the grid did not exceed 1.01. The time step was 0.0002 s. The 
grid and time step were small enough to obtain grid-convergent results. The total computing 
time was 40 s. 
4 Results and discussion  
Fig. 2 shows the computed horizontal mean velocity profiles at the trough and crest 
points, respectively, of each dune. Corresponding profiles of the vertical mean velocity are 
shown in Fig. 3. In the figures, odd and even numbers inside circles represent the positions of 
velocity profiles at the trough and crest points, respectively (Fig. 1). From Fig. 2 and Fig. 3, it 
can be seen that the computed velocity results agree well with the experimental data. The most 
evident feature is that the horizontal mean velocity near the trough points is negative except at 
the trough of the first dune, which means that reversal flow exists at the trough points. The 
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computed results clearly show that the turbulent boundary layer is developing from the first 
dune to the seventh dune and it reaches a quasi-steady state after the seventh dune. 
Fig. 2 Horizontal velocity U over dunes (dashed lines are where U = 0) 
Fig. 3 Vertical velocity W over dunes (dashed lines are where W = 0) 
To keep the figure readable, the velocity field of two adjacent dunes is shown as in Fig. 4. 
As can be seen, the spatial development of the turbulent open channel flow over the dunes has 
the characteristic that the flow separates at the dune crest and reattaches on the stoss side of 
the next dune. A similar phenomenon was shown by Fourniostis et al. (2009) in their 
computed results of five dunes. In Fig. 5, a closer view of the velocity vector between the 
ninth and tenth dunes in the fully developed region is shown to provide a better view of the 
flow field over a complete trough region. The figure contains both the experimental and 
corresponding computational velocity vector fields. Agreement is seen to be good within the 
recirculation zone. According to the flow pattern, three distinct layers are observed: (1) the 
internal layer at 0.05z h d , where the mean horizontal velocity always stays negative; (2) the 
advecting and diffusing layer at 0.15z h d , where the mean streamwise velocity becomes 
positive but is still much smaller than that in turbulent channel flow without dunes at the same 
position; and (3) the outer flow layer at 0.15z h ! , where the mean streamwise velocity is 
almost the same as in turbulent channel flow with a flat bottom (Ojha and Mazumder 2008). 
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Fig. 4 Computed velocity field 
Fig. 5 Velocity field between ninth and tenth dunes 
Fig. 6 shows the spatial development of the Reynolds stress u wc c  along the flow 
over dunes. From Fig. 6, it can be seen that the flow characteristics vary up to the seventh 
dune, beyond which the entrance effect disappears. That is to say, the turbulence fully 
develops, because the increment of Reynolds stress intensity (the thickness in Fig. 6) grows 
much smaller after the seventh dune. Again, this is in qualitative agreement with the 
experimental observations. 
The reattachment point is determined as the location closest to the bottom at which the 
mean velocity changes sign. The predicted values at each reattachment point are shown in  
Fig. 7. From Fig. 7, it can be seen that the first two computed reattachment lengths are much 
larger than the remaining values. Flow reaches the fully developed state after the seventh dune, 
which is in agreement with the result mentioned above. The predicted reattachment length is 
r d 6.0X H   at the quasi-steady state (as shown in Fig. 5), which is a little larger than the 
experimental value of 5.8 (Fourniostis et al. 2009), where is the reattachment length. 
Kasagi and Matsunaga (1995) conducted an experiment of the flow over a backward-facing 
step with a Reynolds number of 5 540, giving a value of 6.5. With the increasing of the 
Reynolds number in the range of , the reattachment position tends to move 
upstream.  Dejoan and Leschziner (2004) reported a computed value of about 7.0. It seems 
that the experimental result underestimates the location of the reattachment point for purely 
two- dimensional conditions. 
rX
1200 6600< Re <
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Fig. 6 Distribution of Reynolds shear stress             Fig. 7 Reattachment length at each dune 
The free surface plays a significant role in the open channel over dunes. The normalized 
free surface level ( hK ) over dunes is shown in Fig. 8. From the figure, it can be seen that the 
average water level rises before the first dune because the existence of the dunes increases the 
roughness of the channel bottom. In the middle of the channel, free surface elevation 
fluctuates in accordance with the distribution of dunes on the bottom. The average water level 
is low due to the reduction of the cross-section area. Near the outflow region where dunes 
disappear, the free surface tends to increase just like the outlet of a sluice.  
Fig. 8 Free surface elevation over dunes 
In order to analyze the head loss caused by dunes, the energy equation of the 
cross-section between the inflow and outflow boundaries can be expressed as 
22
out out outin in in
in out w2 2
P UP UZ Z
g g g g
DD
U U h                         (13) 
where inZ  is the inflow water elevation; outZ  is the outflow water elevation; inD  and outD
are coefficients, where in 1D   and ;outD 1 inP  and outP  are the dynamic water pressures 
at the inlet and outlet positions, respectively;  and are the mean stream-wise 
velocities at the inlet and outlet positions, respectively; 
inU outU
g is the gravitational acceleration; 
and is the water head loss. wh
From Eq. (13), we find that the head loss between the inflow and outflow sections is 
about 0.014 m.  
5 Conclusions 
Large eddy simulation of open channel flow over a series of dunes in the sigma 
coordinates were carried out. The subgrid stress was modeled with the dynamic coherent eddy 
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model proposed by the authors. The computed velocity profiles are in good agreement with the 
available experimental data. It was found that turbulence does not reach a fully developed 
state until at the seventh dune. The computed results show that the length of the separation 
zone at the fully developed region is about 6 , which is a little larger than those in the 
experiment. The spatially mean free surface level decreases in the flow direction. The head 
loss caused by dunes is about 0.014 m. With the employment of the sigma coordinates and 
splitting operator method, the dynamic coherent eddy model proposed by the authors has great 
advantages in simulating turbulent flows in complex geographic environments, which is of 
great importance and engineering value to river dynamics simulation. 
dH
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